This study investigated the curing mechanism of foamed asphalt mixes, based on which proposed standard curing procedures that are appropriate for use in project level mix design. Mixes with various asphalt and portland cement contents were subjected to two relatively extreme curing conditions, and multiple types of laboratory tests were performed. It was found that portland cement enhances certain properties of foamed asphalt mixes by strengthening the mineral filler phase, with the curing mechanism similar to that of normal cement treated materials. The curing mechanism of foamed asphalt mastic is primarily related to water evaporation. The bonding between asphalt mastic and aggregate particles cannot fully develop until most of the water retained at the interface evaporates. This bonding, once formed, is only partially damaged by reintroduced water. This mechanism was supported by direct fracture face observations on tested specimens. Two curing methods are proposed as standard procedures for project level mix design. The proposed strategy tests materials under two extreme conditions instead of attempting to precisely replicate field conditions, allowing the engineer to judge whether the tested materials suit the actual range of conditions at a specific project site. Portland cement or other appropriate active filler is recommended to be used in conjunction with foamed asphalt, which has a slow curing rate under most field conditions, to obtain early strength and allow early opening to traffic.
INTRODUCTION
Curing is the process in which a material (foamed asphalt mix in this paper) develops strength and stiffness. Immediately after mixing and compaction, both in a laboratory or in a field, the strength and stiffness of a foamed asphalt mix is relatively low. Curing takes place under certain external conditions. Understanding the curing mechanism of foamed asphalt mixes, which is a multi-phase material, entails obtaining insights into the strength development mechanisms of each phase, the interaction between these phases, and the effects of external conditions. Understanding of the curing mechanism of foamed asphalt mixes is necessary for:
Developing standard laboratory curing procedures to represent field conditions Developing field construction procedures to accelerate early strength development and to optimize for long term performance at the same time.
The effects of different curing conditions have been documented by many researchers. However, laboratory curing procedures reported in the literature are far from being standardized. At the same time, construction practices are largely empirical and based on practice for cement and emulsion treatments, which may not result in optimal performance for foamed asphalt materials. The work discussed in this paper covers a subtask of a comprehensive research program ) on FDR with foamed asphalt, undertaken for the California Department of Transportation (Caltrans) by the University of California Pavement Research Center (UCPRC). The main objective of this task was to investigate the curing mechanism of foamed asphalt mixes to ensure that optimal performance is obtained from recycling of cracked asphalt pavements in California. Review of previous research, the results of several conventional laboratory testing methods, as well as direct microstructure observations were used to complete this objective.
DISCUSSION OF CURING CONDITIONS
The two most important features of a laboratory curing procedure to be adopted in a research program or in a project level design process are: 1) relevance to field conditions, and 2) relevance to material characteristics.
In California, several distinct climate regions exist (2) , with coastal areas generally cool and humid during the construction season, inland valley areas hot and dry, and mountain areas warm and dry. Simulating these different conditions in a standard laboratory procedure is not feasible, and developing different procedures for each condition is not realistic. The strategy proposed in this study simulates two (or more) extreme field conditions for material characterization purposes. Experienced design engineers can then evaluate the test results obtained against the conditions of a specific project.
One important characteristic of a foamed asphalt mix pertaining to curing is that it consists of multiple phases with distinct properties: the aggregate skeleton, the asphalt mastic phase, and the mineral filler phase. Their characteristics were discussed in detail in (3) and (4), and a conceptual illustration of the microscopic structure of a foamed asphalt mix is available in Figure 1 . Investigation of curing mechanisms of foamed asphalt mixes entails studying the curing mechanisms of each phase as well as their interaction.
Three curing temperatures were adopted in most of the studies reported in the literature: 60ºC (5-12), 40ºC (13) (14) (15) (16) (17) , and the ambient temperature (13,15,16,18 ,19) . Curing at 60ºC appears to be inappropriate for foamed asphalt mixes. In the UCPRC laboratory study (1) , curing at temperatures above 50ºC resulted in TRB 2009 Annual Meeting CD-ROM Paper revised from original submittal.
changing appearances of foamed asphalt mix specimens, implying altered asphalt dispersion patterns. Monitoring on four California projects in the California Central Valley also found (1) that temperature rarely exceeded 50ºC at the mid depth of the foamed asphalt treated layer. Curing at a temperature close to ambient (e.g. 20ºC or 25ºC) impairs the repeatability and reproducibility of the procedure. The effect of relative air humidity is difficult to control at these temperatures. 40ºC appears to be an appropriate compromise, and is adopted in this study if long term strength development in the field is the condition to simulate.
Asphalt mastic droplet
Mineral filler phase Aggregate skeleton
Fracture path
Bonded mineral filler Figure 1 Conceptual illustration of the microstructure of a foamed asphalt mix (1) Another consideration is whether to seal the specimen during curing as a means to control evaporation rate. Jenkins (20) proposed to seal the specimens in plastic bags while curing. The theoretical basis was the concept of equilibrium moisture content in the field. The South African guideline adopted this practice (14) . However, some subsequent studies in South Africa (16) found that specimens cured in this way appeared to be too wet to represent typical field conditions, and thus some modifications to the procedure were made. In the UCPRC study, specimens were not sealed in tasks that investigated long-term curing conditions in the field. However, in tasks assessing short-term strength gains (i.e. relating to early opening to traffic) sealing the specimens provides a conservative environment for curing.
LABORATORY EXPERIMENT PROGRAM Experiment Design for Curing Study
A comprehensive experimental design was prepared for the UCPRC study (1) . Smaller factorials, based on the findings from previous tasks of this study were prepared for subsequent tasks. The experiment design for the curing study is shown in Table 1 .
Materials
This study was largely qualitative with a goal of understanding a general phenomenon. In this light, only one granular material and one asphalt cement type were tested. The granular material for laboratory foamed asphalt treatment was collected from a recycling project in California. The pavement was pulverized to a depth of about 200 mm, without the addition of foamed asphalt. The material contained approximately 75% existing HMA by mass, and 25% of the underlying aggregate base, which was granitic. The material is referred to as RAP (recycled asphalt pavement) in this paper for conciseness, although some natural aggregate was present. A sieving-and-batching procedure was followed in the UCPRC laboratory to ensure that all specimens had consistent gradations. The RAP gradation had 100% passing the 19 mm sieve, 47% passing the 4.75 mm sieve and 10% passing the 0.075 mm sieve, by mass.
The asphalt binder (PG64-16) was sourced from a local refinery and was foamed with a Wirtgen WLB10 laboratory plant at 150°C with 3% foaming water by mass added. The resulting average expansion ratio was in the range of 17 to 20, and the half-life 23 to 30 seconds. Foamed asphalt was injected directly onto the RAP in a custom built laboratory-scale twin-shaft pug-mill mixer. The aggregate temperature was controlled between 25°C and 30°C. The mixing moisture content (MMC) was semi-empirically controlled by experienced operators based on direct observations of the agglomeration states of fine particles and workability (21) (measured MMC values are reported in Table 3 ). For each mix type, one batch of loose mix (20 kg total) was prepared to fabricate a triaxial specimen and a series of ITS specimens. 
Curing Conditions and Water Conditioning
Two curing conditions, denoted as Curing Condition A (or Curing A) and Curing Condition B (or Curing B) respectively were adopted in this study.
For Condition A, specimens were extruded from the moulds immediately after compaction and sealed in a plastic bag, then cured at 20ºC for 24 hours. On completion of curing, the specimens were removed from the bag and tested immediately without further soaking or drying.
For Condition B, specimens were extruded from the moulds immediately after compaction and placed in a forced draft oven at 40ºC for seven days. Specimens were not sealed during the curing procedure.
These two conditions are believed to correspond to two extreme conditions in the field, with Curing A representing a conservative condition for water evaporation and simulating foamed asphalt treated materials in the first few hours or days after construction. Curing B represents a more optimistic condition for water evaporation. In the California Central Valley, a foamed asphalt treated base would typically have reached this state at the end of the dry season.
Specimens subjected to water conditioning were placed in a water tank at 20ºC for various durations with water levels maintained at 100 mm above the top surface of the specimen.
Specimen Fabrication and Test Method

Triaxial Resilient Modulus and Permanent Deformation Test
The cylindrical specimens for triaxial tests were compacted based on the modified Proctor method with the height expanded to 305 mm. The Tx RM test procedure loosely followed AASHTO T307 with additional considerations for different loading rates. Detailed descriptions can be found in Fu et al. (22), and are not repeated in this paper.
A limited series of triaxial permanent deformation (Tx PD) tests were performed on selected triaxial specimens. Most of these had already been subjected to Tx RM tests before the permanent deformation tests were carried out. It was assumed that the Tx RM tests were nondestructive, considering that the stress levels applied in Tx PD tests were much higher than those applied during the Tx RM tests. The objective was to compare the permanent deformation resistance of different mixes under different curing conditions. Data collected were insufficient for quantitatively predicting permanent deformation in the field. One confining stress level (68.9 kPa) was adopted, which is the median confining stress level for the Tx RM test procedure. During a permanent deformation test, 20,000 load repetitions were first applied at a deviator stress (σd) level of 300 kPa, followed by another 20,000 load repetitions at 500 kPa, and then up to 200,000 load repetitions applied at 700 kPa. The duration of each haversine loading pulse was 0.1 seconds and the relaxation time was 0.2 seconds.
ITS test
The ITS specimens (nominal diameter of 100 mm and nominal height of 63.5 mm) were compacted following the Marshall compaction method (23) . The test procedure loosely followed AASHTO T283, with loading displacement controlled at a rate of 50 mm per minute of movement of the testing head.
TEST RESULTS
ITS Results
The ITS test results are summarized in Table 2 . The following observations were made:
• Mixes containing cement (0A2C, 3A1C and 3A2C) developed considerable strength in the first 24 hours under Curing Condition A regardless of the asphalt content.
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• • •
• The strength of the mix containing only foamed asphalt (3A0C) and cured under Condition A for 24 hours was similar to the strength of the untreated control mixes (0A0C) cured under the same condition. The tensile strength measured under these conditions was mostly attributed to matrix suction in the mineral filler phase (24).
• After curing under Condition B followed by soaking, mixes containing only foamed asphalt (3A0C)
developed substantial strength when compared with the control mix (0A0C). Mixes containing both foamed asphalt and cement showed similar improvements. 
Triaxial Resilient Modulus Test Results
Nine triaxial specimens were fabricated in this study, and their mix designs and the measured mixing moisture contents (MMC) are listed in Table 3 . Selected specimens were subjected to multiple tests after different curing/soaking conditions. 
where p a = atmospheric pressure used to nondimensionalize stresses; T= duration of the half-sine load pulses; σ 0 = confining stress; σ d = deviator stress; θ = 3σ 0 +σ d = bulk stress; τ oct =octahedral shear stress, and in the triaxial stress state τ oct = σ d /3; k T , k 1 , k 2 , and k 3 are material related constants. Model fitting results are presented in Table 4 . In triaxial test stress states, the resilient modulus of foamed asphalt mixes is primarily a function of the confining stress (σ 0 ), the deviator stress (σ d ) and the loading rate (characterized by the haversine load pulse duration T), i.e. M r = M r (σ 0 , σ d , T). Based on the fitting results, resilient modulus values at two reference stress states, M r1 = M r (20.7 kPa, 62.1 kPa, 0.1 second) and M r2 = M r (137.9 kPa, 103.4 kPa, 0.1 second) were calculated as shown in Table 4 . M r1 represents the resilient modulus at low confining pressure and relatively high deviator stress levels, while M r2 represents the resilient modulus at high confining stress and relatively low deviator stress levels. Both stress states were used in the testing sequence of AASHTO T307, but the values shown were calculated on the basis of model fitting results.
Selected Tx RM results for mixes tested under various curing-soaking conditions are plotted against the confining stress applied in Figure 2 . Only the results for one pulse loading duration of 0.1 second are shown. Data point scattering at each confining stress for each mix is attributed to the different deviator stress levels applied. The results indicate:
• In terms of the effects of curing condition and mix designs, similar trends to those observed during ITS tests were recorded for the triaxial resilient modulus tests.
• The measured resilient modulus values of mixes containing foamed asphalt and no cement (Specimen TriA [0C3A]) with 24 hours curing (Condition A) were similar to that of the control mix (Specimen TriH [0C3A]).
• The resilient modulus of mix 0C3A increased substantially after being cured under Condition B and then soaked (Specimen TriB [0C3A] and second test for TriA [0C3A]), even though the moisture content as tested was similar to that measured for Specimen TriA [0C3A] after Curing Condition A (5.3%). At the same time, the cured mix showed higher sensitivity to loading rates (with higher absolute values of k T ) and lower sensitivity to stress states (with lower absolute values of k 2 and k 3 ), implying that after the curing procedure, material behavior was transformed from that of typical unbound granular materials to that of asphalt bound materials..
• The ITS and Tx RM test results both indicated that the strength gains of the foamed asphalt only developed after the onset of drying.
• Strength gain in cement treated materials showed significant development in the first 24 • Specimens TriA (0C3A) and TriC (2C3A) had similar resilient modulus values to those of Specimens TriB (0C3A) and TriD (2C3A) respectively after curing (Condition B) and soaking. This indicates that the loading history after Curing Condition A did not alter the post-cured (Condition B) material properties.
• Specimens TriC (2C3A) and TriD (2C3A) were also subjected to triaxial resilient modulus testing after various durations (1 day to 38 days) of soaking. No significant change in material properties was observed during this process, while moisture contents increased moderately. The effects of moisture damage and longer term strength gain under these curing conditions were not apparent.
Permanent Deformation Test Results
A limited series of triaxial permanent deformation (Tx PD) tests were performed on selected triaxial specimens listed in Table 5 . Most of these specimens had already been subjected to Tx RM tests before the permanent deformation tests were performed. The axial strain development of the five specimens is shown in Figure 3 . Contraction was considered as positive strain. The mix design and curing and soaking condition for each specimen prior to testing are also shown.
Figure 3 Triaxial permanent deformation test results
The following observations were made from these results:
• The mix containing three percent foamed asphalt and no cement (Specimen TriI [0C3A]) and cured under Condition A had the poorest permanent deformation resistance, with performance worse than that of the untreated control (Specimen TriH [0C3A]). This was attributed to the asphalt mastic phase behaving as a lubricant and reducing the permanent deformation resistance. 
CURING MECHANISMS OF FOAMED ASPHALT MIX
A number of insights into the curing mechanisms of foamed asphalt treated materials were made based on the test results shown and observations of fractured ITS specimens.
The curing processes of asphalt mastic and active fillers appear to take place independently. In the tests reported in this paper and other tests undertaken by the UCPRC (1), there was no evidence that foamed asphalt chemically reacted with portland cement or any other active filler commonly used. Therefore existing theory, knowledge, and experience pertaining to specific active fillers (e.g. portland cement) also applies to foamed asphalt mixes when the contribution of these active fillers is concerned.
The curing and strength development mechanisms associated with foamed asphalt (or asphalt mastic in the mix) are illustrated in Figure 4 . When foamed asphalt is injected onto agitated moist aggregate (RAP), it partially bonds the fines to form an asphalt mastic, visible in the loose mix as small droplets (Figure 4[a] ). Aggregate particles in the loose mix are mostly coated with a water membrane. After compaction, the asphalt mastic droplets are in tight contact with the aggregate particles ( Figure 4[b] ), but due to the presence of the water membrane, they do not physically bond to the aggregates until most of the molding moisture has evaporated (Figure 4 [c] and Figure 4[d] ). During the curing process, water in larger voids evaporates first. It is more difficult for water to evaporate from smaller voids, especially at the asphalt mastic-aggregate particle interface, due to the lower thermodynamic potential. However, once the physical bonds between the aggregate particles and asphalt mastic droplets have formed, only partial damage to these bonds will occur if water is re-introduced into the mix (Figure 4[e] ). This explains why in the Tx Rm tests, specimens TriA (0C3A) (after Curing Condition A) and TriB (0C3A) (after Curing Condition B and soaking) had the same moisture contents as tested, but the stiffness of the latter specimen was much higher and less sensitive to stress states. It should be noted that Figure 4 only shows a conceptual illustration of the relationships between aggregate particles, asphalt mastic and moulding water, as well as their evolvement as water evaporates and as water is reintroduced. The influence of the mineral filler phase was not explicitly considered in the above discussion. This phase is distributed throughout the mix along with the foamed asphalt mastic phase, partially filling the voids in the aggregate skeleton. It also develops strength during the curing process, but when water is reintroduced into the mix the strength of the mineral filler phase is significantly reduced. The depicted profiles of water in Figure 4 are not necessarily accurate. Since virgin aggregates and mineral fillers are hydrophilic while asphalt and asphalt coated RAP are hydrophobic, portraying their interfaces with water is complicated and beyond the scope of this paper. Nevertheless, these figures describe some fundamental phenomena concerned in this paper.
This discussion was supported by evidence from specimen fracture face observations. When a fracture encounters asphalt mastic droplets while propagating in a foamed asphalt specimen that has been subjected to Curing Condition A, it travels primarily through the interface between the foamed asphalt mastic and aggregate particles where the bonds have not fully developed ( Figure 5[a] ). However, in a specimen that has been subjected to Curing Condition B and further soaking, the fracture is more likely to propagate through the asphalt mastic droplet as shown in Figure 5 (b). It may also break the asphalt mastic-aggregate interface, but the chance that the fracture would precisely split asphalt and aggregate is small. The fracture faces of two such ITS specimens (both 0C3A) are shown in Figure 5 (c) (ITS Specimen A, after being subjected to Curing A) and Figure 5 (d) (ITS Specimen B, after Curing B and soaking) respectively. These two specimens were selected from the ITS tests carried out in parallel with triaxial tests TriA and TriB respectively, which had identical mix designs (3% foamed asphalt and no cement). The specimens were dried at ambient temperature before the photos were taken. 
CONCLUSIONS AND RECOMMENDATIONS
These observations have important implications for full-depth reclamation of pavements in that the bonding provided by foamed asphalt develops as the mixing/compaction water evaporates, and only fully develops once this water is no longer present. If, under certain conditions, this water is retained after compaction (e.g. by early placement of the asphalt wearing course, or because of inadequate drainage) the bonds will not develop, even after a prolonged period of time (months or years). However, once the bonds have formed, occasional reintroduction of water into the treated layer will only partially damage the bonding, provided that extended soaking periods along with repetitive loading do not occur. It is therefore crucial to allow the initial mixing/compaction water to evaporate from the recycled layer before the asphalt concrete surface layer is placed, to ensure that the road is adequately drained, and to ensure that roadside practices (e.g. irrigation) do not adversely affect the moisture condition of the pavement.
The strategy adopted in this study is recommended as a curing process for research and project level design laboratory testing. Precisely duplicating or simulating the field curing conditions in a laboratory is extremely difficult, if not impossible. It also creates problems for procedure standardization given the great variety of environments in which FDR-foamed asphalt can be implemented. The two curing conditions adopted in this study, simulating optimistic and conservative conditions for water evaporation respectively, are recommended to characterize the fundamental properties of foamed asphalt mixes specific to curing. Site specific criteria should be noted during project assessments to determine whether the tested materials will meet the conditions of the site.
Portland cement was shown to be very effective in improving strength, stiffness and permanent deformation resistance of the foamed asphalt mixes tested in this task (weather granite material), especially in the early stages when the foamed asphalt has not cured. Other active fillers may provide equal or better performance depending on the aggregate characteristics and chemistry. Many foamed asphalt recycling projects, including those in California, typically require that the rehabilitated section of road is opened to traffic before darkness each day. Early strength is therefore a key issue in the design, thereby supporting the use of appropriate active fillers in conjunction with foamed asphalt. The results of this and other tasks in the UCPRC study have shown that the addition of foamed asphalt and active fillers (in this case portland cement) both serve the same purpose of bonding aggregate particles together, but that their roles are complementary rather than interchangeable. The bonds formed by hydrated cement are strong but brittle compared to those of foamed asphalt which are weaker, but more ductile. Portland cement reduces water susceptibility and increases early as well as long term strength, while foamed asphalt improves ductility or flexibility of the mixes. The effects of foamed asphalt and the selected active filler on a mix should be optimized separately in a project mix design procedure, since most conventional laboratory testing methods cannot differentiate these effects.
